Most individuals of the loach Misgurnus anguillicaudatus reproduce bisexually, but cryptic clonal lineages reproduce by natural gynogenesis of unreduced diploid eggs that are genetically identical to maternal somatic cells. Triploid progeny often occur by the accidental incorporation of a sperm nucleus into diploid eggs. Sex reversal from a genetic female to a physiological male is easily induced in this species by androgen treatment and through environmental influences. Here, we produced clonal tetraploid individuals by two methods: 1) fertilization of diploid eggs from a clonal diploid female with diploid sperm of a hormonally sex-reversed clonal diploid male and 2) artificial inhibition of the release of the second polar body in eggs of clonal diploid females just after initiation of gynogenetic development. There is no genetic difference between the clonal diploid and tetraploid individuals except for the number of chromosome sets or genomes. Clonal tetraploid males never produced unreduced tetraploid sperm, only diploid sperm that were genetically identical to those of a clonal diploid. Likewise, clonal tetraploid females did not form unreduced tetraploid eggs, just diploid eggs. However, the eggs' genotypes were identical to those of the original clone, and almost all the eggs initiated natural gynogenesis. Thus, gametogenesis of the clonal tetraploid loach is controlled by the presence of two chromosome sets to pair, thereby preserving the normal meiotic process, i.e., the formation of bivalents and subsequently two successive divisions.
INTRODUCTION
Asexually reproducing vertebrates have been considered good models to elucidate the significance of sexual reproduction in evolution as well as the mechanisms underlying normal meiosis and gametogenesis. The loach or Oriental weatherfish Misgurnus anguillicaudatus (Teleostei: Cobitidae) reproduces sexually and asexually (Fig. 1A) . Asexual diploid females (2n ¼ 50) produce genetically identical, unreduced diploid eggs, most of which develop to clonal diploid progeny by gynogenesis [1] [2] [3] . When clonal diploid progeny are artificially sex-reversed by exogenous androgen administration, the resultant clonal males produce genetically identical, unreduced diploid sperm [4] . Such unreduced gametogenesis results from premeiotic endomitosis or endoreduplication, i.e., from chromosome doubling without cytokinesis followed by two quasinormal divisions [5, 6] . Specifically, the chromosomes of the clonal loach's germ cells are duplicated to produce tetraploid oocytes or spermatocytes, forming a diploid number of bivalents. Each bivalent of sister chromosomes derived from an original single chromosome by endomitosis is presumably then paired.
Most eggs of clonal females develop gynogenetically, but some eggs develop into a triploid karyotype (3n ¼ 75) by the accidental incorporation of a sperm nucleus into unreduced diploid eggs at fertilization [1, 3] . Since two genetically distinct groups were found in Japanese loach populations by sequence analysis of the mtDNA control region [2] , microsatellite genotypes [7] , and allozyme genotypes [8] , two types of triploid loaches have been produced by adding a haploid sperm genome from either one or another group to the diploid clonal genomes. Such clone-origin triploid loaches mainly spawn haploid eggs by a cytological mechanism, meiotic hybridogenesis [9] . One haploid genome of the diploid clone preferentially pairs with the haploid genome from a sperm donor, and the bivalents are organized such that haploid eggs are generated by subsequent segregations, with the exclusion of an unmatched haploid genome of the clone before meiosis begins [9] . These differences in pairing affinity between the two haploid genomes of the diploid clone suggest a probable hybrid origin or heterozygous constitution of the genomes of the clonal loach. Thus, the genomic constitution of the clonal diploid loach is presumably heterozygous between the two divergent parent genomes. A hybrid-like clonal diploid generates unreduced diploid gametes, whereas a clone-origin triploid produces haploid eggs by eliminating the unmatched haploid genome of the clone.
This raises questions about the mechanisms in the clonal tetraploid loach. A tetraploid is genetically identical to a diploid clone, but it has twice the number of genomes. Does it produce unreduced tetraploid gametes, which are genetically identical to the somatic cells of the parent fish and show gynogenetic development in eggs? Or alternatively, does it produce reduced diploid gametes by meiotic divisions? If the clonal tetraploid is considered a kind of amphidiploid, it would follow that two sister chromosomes derived from each nonhomologous chromosome of the clonal diploid genomes would be able to pair as if they were homologues and could form a bivalent. If the unreduced gametogenesis is not controlled by a combination of chromosomes, but instead by a hypothetical specific major gene, unreduced tetraploid gametes could be formed in the clonal tetraploid that would FIG. 1. Schematic representation of a reproductive system previously reported in a natural clonal diploid lineage (clone 2n) that reproduces by unreduced oogenesis and gynogenesis (A) and of an outline of the production of clonal tetraploid (clone 4n) males and females in the present study, using fertilization of unreduced diploid eggs of a clonal diploid female with unreduced diploid sperm of a sex-reversed clonal diploid male (B) and inhibition of the release of the second polar body of unreduced diploid eggs of a clonal diploid female after fertilization with UV-irradiated goldfish sperm (C). Sex reversal from genetic female to physiological male artificially occurs by androgen treatment or spontaneously occurs by environmental influence.
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be genetically identical to those of a clonal diploid loach except for its ploidy.
Outline of the production of clonal tetraploid females and males using unreduced diploid gametes of the natural clonal diploid loach is also schematically shown in Figure 1 , B and C. Clonal tetraploid loaches can be produced by the incorporation of a diploid sperm nucleus from a sex-reversed clonal male into a clonal diploid egg (by the crossing of a clonal diploid male with a clonal diploid female; Fig. 1B) . The resultant tetraploid progeny are predicted to be genetically identical clones. On the other hand, clonal tetraploid progeny can be artificially induced by inhibiting the release of the second polar body shortly after the initiation of gynogenesis of unreduced diploid eggs of the diploid clone according to the method of chromosome manipulation given in [10] (Fig. 1C) . In addition, the sex of the loach is often reversed by environmental conditions such as temperature [11] , and thus clonal tetraploid males can appear.
In the present study, we produced progeny of the clonal tetraploid loach, which then served as experimental tools for the analysis of ploidy status and microsatellite genotypes, so as to examine the presence or absence of genetic control of unreduced gametogenesis and gynogenetic development in the loach.
MATERIALS AND METHODS

Ethics
This study was performed in accordance with the Guide for the Care and Use of Laboratory Animals at Hokkaido University.
Induction of Tetraploidy
A clonal diploid lineage was found in a wild population on northern Hokkaido Island in 2000 [1] , and the strain produced from the female #3 clone has been maintained in the aquaria of the Faculty of Fisheries Sciences, Hokkaido University. Using descendents of the #3 strain as parental fish, we produced tetraploid individuals. Two different methods were adopted for the induction of clonal tetraploid progeny (Fig. 1, B and C) .
The first method was crossing a clonal diploid female with a sex-reversed clonal diploid male (Fig. 1B) . In such crosses, most progeny are assumed to develop to clonal diploids by gynogenetic development, without the contribution of a sperm nucleus of a clonal diploid male, but some progeny are expected to become tetraploid by the incorporation of a diploid sperm nucleus into an unreduced diploid egg nucleus of a clonal diploid female, as already described in [1, 3] . Production of sex-reversed clonal males was performed according to the procedure described in [4, 6] .
Three clonal females (CF21-CF23) and four sex-reversed clonal males (CM21-CM24) were selected from strain #3 as parental fish for the production of clonal tetraploids. For the induction of tetraploidy, a cross was made between a CF21 female and a CM21 male in 2006, between a CF22 female and a CM22 male, and then between a CF23 female and a CM22, CM23, or CM24 male in 2007. Crosses between clonal females (CF21-CF23) and a normal male (2nM21) were also performed to produce control families. After these crosses, the proportion of successful fertilizations, hatching success, and proportion of normal larvae were recorded. The ploidy of each 6-mo-old fish was determined by flow-cytometry according to the procedure described in [1] so that tetraploids could be selected.
Growth was compared in 6-mo-old fish by measuring total length and body weight between diploid and tetraploid progeny reared communally. Sex of the progeny was determined at 12 mo by checking for the presence or absence of bony plates in the pectoral fins in males and females (a secondary sex characteristic), respectively [12] . Consequently, 27 tetraploid progeny (24 females and 3 males) were obtained at 12 mo after hatching. The three clonal tetraploid males (C4nM1-C4nM3) were used for experimental crosses because they reached maturation. No tetraploid females from the crossings were used for further experiments because none reached maturity.
The second method of inducing tetraploidy was an inhibition of the release of the second polar body by exposure to a cold-shock (08, 45 min) from 5 min after fertilization with UV-irradiated goldfish sperm (Fig. 1C) according to the method given in [10] , because a clonal diploid loach female produces unreduced eggs, each with a diploid nucleus (the diploid second polar body nucleus is released shortly after fertilization). This method was performed in 2005, and the resultant progeny were carefully reared until they were 2-yr-old fish, but fertilization, hatching, and survival after the cold shock were not recorded because ploidy manipulation by this method has been successfully used in a series of studies using loach species and has become a routine procedure [13, 14] . Consequently, four surviving 2-yr-old tetraploid females (C4nF1, C4nF2, C4nF3, and C4nF4) were picked up by measuring ploidy status with flow cytometry (see above).
Progeny Test of Tetraploid Clones
Using sperm of mature clonal tetraploid males (C4nM1-C4nM3), eggs of a normal diploid female (2nF21), which had been collected from a wild population near Hakodate City, Hokkaido, Japan, were fertilized. The eggs of 2nF21 were also fertilized by sperm from a normal diploid male (2nM21) from the wild population as a control cross. Progeny from these crosses were checked for ploidy status by flow cytometry. Eight microsatellite loci were analyzed to determine the genotypes of gametes spawned by the clonal tetraploids.
Eggs of each of the clonal tetraploid females (C4nF1-C4nF4) were first fertilized by normal haploid sperm of a common bisexually reproducing diploid male (2nM11) collected from the Hakodate wild population. Then, they were fertilized by UV-irradiated sperm collected from goldfish reared in an aquarium at the Faculty of Fisheries Sciences. As controls, eggs of a normal bisexual diploid female (2nF11) collected from the wild population were fertilized by sperm of 2nM11 for normal fertilization and by UV-irradiated goldfish sperm for gynogenesis. Progeny from these crosses were subjected to flow cytometry for ploidy determination as well as to microsatellite genotyping as described in the following section.
Microsatellite Genotyping
All the clonal individuals that were produced by the abovementioned two methods were genotyped. Eight progeny from each of the three crosses using tetraploid males (2nF21 3 C4nM1, 2nF21 3 C4nM2, 2nF21 3 C4nM3) were also subjected to genotyping. Eight progeny were also tested from the control cross (2nF21 3 2nM21). Twelve progeny from each of the two normal crosses (C4nF3 3 2nM11, C4nF4 3 2nM12) and the two gynogenetic crosses (C4nF3 3 UV, C4nF4 3 UV) using tetraploid females were also subjected to microsatellite genotyping. DNA sample preparation followed the procedure described in [15] .
Eight microsatellite loci (Mac 37, Mac73, Mac87, Mac103, Mac204, Mac404, Mac458, and Mac477) were analyzed because they are located on independent chromosomes [16] and heterozygous for different alleles at each locus of the clone [9] . The genotyping procedure was as described [9, 16] .
RESULTS
Tetraploid Induction
Mature eggs taken from three clonal diploid females were fertilized by sperm of four sex-reversed clonal diploid males to produce five putative clonal tetraploid families (Table 1) . Although control crosses using sperm of normal diploid males gave high rates of fertilization (86.7%-94.2%), fertilization success was much lower when sperm of sex-reversed clonal diploid males were used (7.7%-19.5%). Consequently, 206 larvae of clonal progeny were obtained (Table 1) . Ploidy determination of 6-mo-old progeny showed the appearance of both diploid and tetraploid loaches. At this age, 40 out of a total 59 survivors were tetraploid. Microsatellite alleles were not only identical among these diploid and tetraploid survivors, but were also the same as those of the parental clonal strain at the eight independent loci examined.
Measurements of total length and body weight of surviving clonal diploid and tetraploid progeny in each family at about 12 mo revealed that, in the CF21 3 CM21 and CF22 3 CM22 families, tetraploid progeny exhibited significantly lower growth than diploid progeny (P , 0.01, t-test) (Supplemental Table S1 , available online at www.biolreprod.org). Thus, clonal diploids apparently outperformed tetraploids.
All the clonal diploid and tetraploid progeny from four crosses (CF22 3 CM22, CF23 3 CM22, CF23 3 CM23, CF23 3 CM24) were all female, but one female and three males DIPLOID GAMETES OF CLONAL TETRAPLOID LOACH appeared in clonal diploid and tetraploid progeny of the CF21 3 CM21 family ( Table 2) .
The microsatellite alleles of the four tetraploid female survivors of the cold-shock were not only identical among the survivors but also the same as those of the parental clone at the eight loci.
Progeny of Induced Tetraploid Males
The ploidy of sperm from each clonal tetraploid male (C4nM1-C4nM3) was determined as diploidy by flow cytometry. The crosses between eggs of a normal diploid female (2nF21) and sperm of tetraploid males (C4nM1-C4nM3) produced triploid progeny, while the control cross gave only diploid progeny ( Table 3 ). The results indicated that the tetraploid males apparently produced diploid sperm.
Progeny of Induced Tetraploid Females
When eggs of tetraploid females (C4nF1-C4nF4) were fertilized by UV-irradiated sperm, only diploid embryos resulted (Table 4 ). In contrast, fertilization of normal eggs by UV-irradiated sperm produced only haploid embryos (Table 4) . However, when eggs of tetraploid females (C4nF1-C4nF4) were fertilized by haploid sperm of the normal male (2nM11), diploid, triploid, diploid-triploid mosaic, and pentaploid embryos appeared.
Microsatellite Genotypes of Triploid Progeny of Tetraploid Males
Genotypes of all eight independent microsatellite loci were the same among the three tetraploid males. Two alleles appeared at each locus, but genotypes were considered as tetrasomic, double heterozygous (aabb), because all the specimens were tetraploid (Table 5 ). In the control cross (2nF21 3 2nM21), alleles were segregated. All the triploid progeny from the cross between a normal diploid female and a clonal tetraploid male included two alleles from the clonal tetraploid male (ab) and one of the two alleles (c or d) of the normal diploid female at all the loci examined (Table 5 ). These results indicated that the genotype of the diploid sperm was identical to that of the diploid clone. The tetraploid genotype (probably tetrasomic with two alleles, aabb in Table 5 ) segregated consistently to an ab diploid genotype and produced a triploid genotype including two different clone-derived alleles (a and b) and one of the two alleles (c or d) of the diploid female (Table 5) .
Microsatellite Genotypes of Diploid and Triploid Progeny of Tetraploid Females
Since the gynogenetic families, in which eggs of the clonal tetraploid females (genotype aabb in Table 6 ) were activated by UV-irradiated sperm, gave diploid microsatellite genotypes including two alleles (a and b) specific to the clone, it was concluded that tetraploid females produce only clonal diploid eggs. From the crosses in which eggs of the clonal tetraploid females were fertilized with sperm of normal diploid males, both clonal diploid genotypes with two alleles and triploid genotypes with three alleles were found (Table 6 ). Thus, diploid progeny of tetraploid females were gynogens without any genetic contribution from diploid males. In contrast, triploid genotypes always included two alleles (a and b) from the tetraploid female (aabb) and one of the two alleles (c or d) of normal diploid male at the eight loci examined.
DISCUSSION
The almost exclusive occurrence of females in induced gynogenetic diploid families [10] is strong evidence for male heterogamy, i.e., XX ¼ female, XY ¼ male, as the sex determination system of loach. Thus, the sex of all clonal tetraploids is theoretically female. However, both female and male clonal progeny appeared in one of the crossbred families, with males appearing in both clonal diploid and tetraploid progeny. These males may be a result of an environmental influence: higher temperatures during sex differentiation have been reported to induce sex reversal from genetic female to physiological male in this species [11] . However, such spontaneous sex reversal is not surprising in teleost species, considering the group's large MORISHIMA ET AL. diversity in sex-determination and -differentiation mechanisms so far reported [17] . Sperm taken from clonal tetraploid progeny were diploid, and all the progeny from the cross between a normal diploid female and clonal tetraploid males were triploid. These results clearly indicate that clonal tetraploid males generate diploid sperm and are consistent with reports of the production of diploid sperm in bisexually reproducing tetraploid loach [18] [19] [20] [21] . Similar production of diploid sperm has also been reported in a natural tetraploid hybrid Squalius (Rutilus) alburnoides [22] and in artificial tetraploid rainbow trout, induced by the inhibition of the first cleavage after normal fertilization [23] . Although alleles are segregated to form diploid sperm in the abovementioned tetraploid males [24, 25] , our microsatellite analyses showed that clonal tetraploid males consistently generated diploid sperm with genotypes identical to those of the somatic cells of the clone, as already reported in [22] , because triploid progeny resulting from crosses involving clonal tetraploid males always had two alleles specific to the clonal diploid plus one of the two alleles of the egg donor. These results suggest that meiosis likely occurs in the clonal tetraploid males because two haploid genomes doubled from each nonhomologous genome of the clonal diploid should permit the formation of bivalents during synapsis. However, nonhomologous chromosomes in the clonal genotype are presumably considered difficult to pair and form bivalents, probably owing to poor affinities between them. Such meioses are likely equivalent to those reported in amphidiploid plants [26, 27] . Consequently, clonal tetraploid males produce genetically identical clonal sperm by meiosis and never generate unreduced tetraploid sperm.
Clonal tetraploid females were concluded to spawn diploid eggs in the present study, because gynogenetic diploid progeny appeared after eggs had been fertilized by UV-irradiated sperm.
However, such eggs should be able to undergo natural gynogenesis as has been observed in those of the original clonal diploid [1] , because diploid progeny were also produced from eggs of tetraploid females fertilized with normal sperm (of a diploid male). In such crosses, triploid, diploid-triploid, and pentaploid progeny simultaneously developed from the eggs of clonal tetraploid females that had been fertilized by normal haploid sperm. Apparently, the diploid progeny had been the result of gynogenesis, and the other progeny essentially resulted from the incorporation of haploid sperm into diploid eggs of tetraploid females. In conclusion, clonal tetraploid loach did not spawn unreduced tetraploid eggs but formed diploid eggs, which is characteristic of clonal diploid loach.
Microsatellite genotypes identical to those of the original clonal diploid were observed in diploid progeny of tetraploid females, whereas triploid progeny always exhibited genotypes comprising two alleles from the clone and one allele from the normal male at all the loci examined. These results strongly indicate that clonal tetraploid females produce diploid gametes with clonal genotypes by quasinormal meiotic divisions starting from tetraploid germ cells. Moreover, the reproductive characteristics of the resultant diploid eggs mean that the intrusion of sperm can initiate gynogenetic development. Apparently, there is no genetic difference between clonal diploids and tetraploids besides the number of chromosome sets. Clonal diploid females produce clonal diploid eggs, whereas clonal tetraploid females never form unreduced tetraploid eggs but rather clonal diploid eggs, which are able to develop by gynogenesis. These results suggest that unreduced gametogenesis is not controlled by a major gene, but instead is controlled by a combination of chromosomes to ensure that the normal meiotic process occurs, i.e., formation of bivalents and subsequently two successive divisions. 2nF11  2nM11  10  0  10  0  0  0  C4nF1  2nM11  10  0  6  2  2  0  C4nF2  2nM11  3  0  2  1  0  0  C4nF3  2nM11  10  0  3  3  3  1  C4nF4  2nM11  10  0  4  5  1  0  2nF11  UV  10  10  0  0  0  0  C4nF1  UV  17  0  17  0  0  0  C4nF2  UV  13  0  13  0  0  0  C4nF3  UV  10  0  10  0  0  0  C4nF4  UV  10  0 
DIPLOID GAMETES OF CLONAL TETRAPLOID LOACH
A clonal tetraploid produces diploid gametes because two sister chromosomes, duplicates of nonhomologous chromosomes in the germ cells, are able to pair to form bivalents (Fig.  2C) , like a normal bisexually reproducing diploid (Fig. 2A) . The difference between a clonal diploid and a clonal tetraploid is the ploidy of germ cells at the beginning of gametogenesis: clonal tetraploid loach initiate gametogenesis from tetraploid germ cells with a doubled number of chromosomes. During meiosis, there are no genetic differences between the daughter cells of a clonal tetraploid because identical elements are exchanged during recombination. In contrast, a clonal diploid produces unreduced diploid gametes, since nonhomologues do not readily pair and so are doubled by premeiotic endomitosis (Fig. 2B) . Research on clonal diploid males which had been sex-reversed has suggested that endomitosis occurs in early type A spermatogonia [6] . Therefore, endomitosis may likewise occur in early-stage oogonia in clonal diploid females. It follows that, in clonal diploid loach, the ploidy of early germ cells at the start gametogenesis is tetraploid, as in those of clonal tetraploids. On the other hand, clone-derived triploid females that have clonal diploid genomes and one haploid genome from the wild population were reported to produce haploid eggs by meiotic hybridogenesis (Fig. 2, D and E) ; one unmatched genome is eliminated and the two remaining homologous genomes pair to form bivalents, then haploid eggs are produced by two subsequent meiotic divisions [9] . Such a process suggests that the production of gametes is not regulated by the presence or absence of specific gene(s) that are involved in inducing unreduced gametogenesis, but instead by a mechanism that checks the ability to pair germ cell chromosomes in clonal diploids, clone-origin triploids, and clonal tetraploids. a Linkage groups cited from [18] . b Data were pooled because genotype was the same among three clonal males. . Metaphase I and metaphase II indicate first and second meiotic division, respectively. Endomitosis occurs at A type spermatogonia in clonal diploid males [6] , and thus the timing is presumably the early stages of germ cells in case B. Elimination of nonhomologous chromosomes in cases D and E occurs before meiosis begins [9] , but the precise stage has not yet been identified.
